In the third issue of the then new journal Green Chemistry (2001, 3, (156) (157) (158) (159) (160) (161) (162) (163) (164) , we published our first paper describing the physical properties of a few hydrophilic and hydrophobic ionic liquids (ILs) representing one of the first such studies to be published. To help celebrate the 15 th anniversary of the Journal, we revisit the 'design' aspect of ILs by reviewing the growing area of what most are calling 'ionic liquid mixtures'. In 2001, designing IL properties meant essentially independent variation or synthesis of the cations and anions and determining what physical or chemical properties these liquid salts possessed. Recently, however, the mixing of ILs has been proposed and investigated as a way to add increased scope to the accessible properties of IL media. In this review, we question whether the same thinking and approach used for organic solvent mixtures should be applied to ILs simply because of the way they were made. Unlike organic solvent mixtures, IL compositions of varied ions, do not retain their individual nature, need not be made by simple mixing of two-ion salts, and preferential interactions of a given cation for a given anion are possible in these 3-ion, 4-ion, or higher order liquids. When two ILs are mixed together, one can't identify which ion is from which IL, and the chemistry is simply not based on the identity of the individual ILs, but on the ions comprising them and the interactions of each individual ion, independently of the counterion. Thus, we ask if it would not be better to consider these as unique ion combinations whose solvent properties are derived from the specific choice and abundance of each ion in the system. Through this review of the available literature, we support the concept of Double Salt Ionic Liquids (DSILs) and discuss the interactions involved in these systems, by examining their physicochemical properties and the novel applications they offer. Scheme 1 One-pot synthesis of (a) [C 1 C 1 im][4-NO 2 -tri] 0.64 [4,5-diNO 2 -im] 0.36 18 and (b) [C 1 C 1 im] 0.25 [C 2 C 1 im] 0.5 [C 2 C 2 im] 0.25 [OAc]. 19
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Introduction
During the 15 years of existence of the journal Green Chemistry, the number of communications, patents, and publications reporting on ionic liquids (ILs) in different areas of chemistry increased considerably. 1, 2 These salts with low (typically less than 100°C) or no melting points attracted a lot of attention from the Green Chemistry community as a result of some unique properties (observed in some examples) often unavailable with traditional solvents, including negligible vapor pressure, high chemical and electrochemical stabilities, etc. [3] [4] [5] [6] However, at the beginning of the 2000s, any 'eco-friendly' nature of ILs was still questioned, primarily because there simply was little to no data concerning the physical, chemical, and toxicological properties of any ILs (much less ILs 'in general') and thus it was not evident to the chemical community that ILs would be consistent with the twelve principles of Green Chemistry. 7 It was in this context that in 2001 we published our first paper relating the characterization and comparison of a few hydrophilic and hydrophobic ILs, 8 providing a benchmark and sometimes target for the many scientists and engineers entering the IL field wishing to study and understand IL properties. Fifteen years later, numerous 'green' uses and applications of ILs have been proposed or demonstrated, but the knowledge needed to understand and predict the properties of ILs still requires a lot of study. 9, 10 Given our inability to predict which cation/anion combinations would lead to IL behavior or to predict what the resulting physical properties of these simple salts would be, the vast majority of publications discussing ILs have been simple one cation, one anion salts (in this review abbreviated as two-ion ILs). This is in spite of Seddon's oft quoted claim that there could be 10 18 or more ILs if one considers binary, ternary, and higher order mixtures. 11, 12 It is telling to note that the early IL community understood such binary, ternary, etc. mixtures to be unique ILs, not simple mixtures of two or more two-ion ILs which would have been analogous to mixtures of organic solvents. 13, 14 It is in this context that IL-IL mixtures, initially based on the combination of several ILs, have recently received particular attention. 15, 16 Interestingly, in following almost the same path as the original studies of ILs, the primary focus on the study of mixtures of ILs has been on the resulting physical properties. In 2012, Welton's group reviewed the literature reported in this area and discussed the ideality and non-ideality of IL-IL mixtures, focusing on property changes and new opportunities for their applications. 16 The physical properties such as density and viscosity were found to follow their corresponding mixing laws, respectively linear mixing of molar volumes and linear mixing on the logarithmic scale, while properties dependent upon specific chemical associations, such as phase transitions were not as easy to predict, and often non-ideal. 16 Additional studies have since been published, however, despite instances of non-ideal behavior, these are still viewed as simple mixtures of two compounds. 17 When ILs are mixed together, the 'solutions' obtained are quite different from mixtures of molecular solvents. A mixture refers to the physical combination of two or more substances in which the identities of the individual components are retained. Take an ethanol-water mixture for example. Ethanol's properties are considered to be derived from the structure of the ethanol molecule. A chemist would consider the properties of an ethanol-water mixture from the standpoint of how ethanol, because of its molecular structure, should interact with a water molecule.
By definition, an ionic liquid is a salt, which is defined as both its cation and its anion, as neither one can be isolated without the other. A chemist would not consider 1-butyl-3methylimidazolium chloride, [C 4 C 1 im]Cl, to be the same compound as 1-butyl-3-methylimidazolium bis((trifluoromethane)sulfonyl)imide, [C 4 . With such complex mixtures, one might be tempted to try and predict the properties of the resulting solutions based upon all possible two-ion ILs that might form, but on what basis would this approach be founded?
Situations also exist when solutions of multiple ions are not prepared by simply mixing different salts, but rather are the product of chemical reactions. For example, in the reaction depicted in Scheme 1a, [C 1 C 1 im][4-NO 2 -tri] 0.64 [4, 2 im] 0.36 was synthesized independently via a one-pot reaction, although it could also be prepared as a mixture of two salts. 18 Similarly, the statistical mixture of symmetric and asymmetric dialkylimidazolium acetates depicted in Scheme 1b 19 and the chloride analog were also prepared using a one-pot synthetic process with appropriate starting materials in the desired ratios. 20 The chemistry is simply not based on the identity of the individual ILs, but on the ions comprising them and the interactions of each individual ion which take place independently of the original counterion. However, and this is confusing at times, some of the physical properties obtained by mixing two ILs (especially when they are liquid at room temperature) can be predicted from the properties of the two ILs mixed. This does not change the fact that the overall properties of this 'mixture' are derived from the individual ions, not necessarily derived from the one possible ion pair which was used to prepare the 'solution'. For example, Pereiro et al. 21 [OAc] or would one simply declare this particular mixture of ions a solution and decide another methodology was needed?
There is a well-known concept which classifies ionic compounds comprised of more than two types of ions as double salts, and these are known to possibly exhibit unexpected associations that yield non-ideal properties. 22 Double salts are thus defined as salts containing more than one cation or anion and presenting different physicochemical properties than of its component single salts. 23 When the ions composing a double salt crystallize together the resulting double salt is considered one pure substance, rather than two separate salts, 24 even though these can be melted and the ion combinations separated into simpler salts. Additionally, many properties of double salts, such as solubility, are dependent on the unique chemical associations between the ions, and altering the ionic ratios can induce different chemical interactions leading to new properties. 25 By analogy, we suggest pure liquid ionic compositions containing more than one cation or anion, should be viewed as 'Double Salt Ionic Liquids' (DSILs) rather than as simple mixtures of ILs or solutions of a salt in an IL. For the purposes of Professor, Robert Ramsay Chair of Chemistry, and Director of the Center for Green Manufacturing at UA. His research interests cover the use of ionic liquids and Green Chemistry for sustainable technology through innovation and include Materials (advanced polymeric and composite materials from biorenewables), Separations (novel strategies for separation and purification of value added products from biomass), Energy (new lubricant technologies and selective separations), and Medicine (elimination of waste while delivering improved pharmaceutical performance).
this review we will thus define DSILs as salts composed of more than two types of ions, liquid at low temperature (<373 K); where each unique combination of ion types and ion ratios constitutes a unique DSIL leading to properties specific to that combination. We consider this conceptual approach as essential to providing the framework needed to change the emphasis from what the ion properties and interactions are in two-ion ILs, to the properties unique to the presence of several ions, and thus allow a fuller study and understanding of the new ionic associations in DSILs. Such DSILs are composed of several ions and can show unique melting points and glass transition temperatures, often forming eutectic regions, disruptions in glass transitions, or even acting as a single set of ions. 26, 27 For example, the DSIL prepared by the equimolar mixing of N-propyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([C 3 27 Other papers (discussed herein) have reported unique ionic interactions occurring in DSILs with ions, solutes, or solvents. 15, 16, 28 These studies indicate that some DSILs often exhibit properties not readily apparent from those of the IL parents and we will address these further in the discussion below.
As initially highlighted in this introduction due to their ionic composition, two-ion ILs are already considered as unconventional solvents (compared to molecular solvents), 10, 29 but when several different ions are introduced in different ratios all such interactions could be changed. Thus, in this review, we will look at examples from the literature and the reported physicochemical properties in light of the DSIL concept and see how this insight might be used to design new low temperature liquid salts composed of several ions. (Note: we have not considered in this review ILs based on chloroaluminate anions which are known to react and enter into complex equilibria forming new types of ions as a function of composition. 30 
)
We must also call attention to issues with nomenclature which currently emphasize the two-ion ILs from which the multi-ion combinations are made rather than the resulting unique DSIL. 16 As a combination of ions, DSILs can be composed of one cation with several anions, one anion with several cations, or even several cations and anions. By convention, we have decided to group cations together and anions together, and to order them in ascending order of the ions' charge and molecular weights. Since all the systems studied to date and reviewed here contain singly charged cations and anions, the majority of the abbreviations suggested in Table 1 represent these DSILs. Here, we have fixed the total cation and anion charge to be +1 and −1 which will facilitate the study of the entire range of possible compositions; however, we do understand that representing only one example from each system might better be represented with integers (e.g.,
). When higher charged ions are present, the lower charge should take priority followed by the molecular weight (see Table 1 for an example of ascending charges and ascending molecular weights). For ready comparison with the systems with monovalent anions, we also suggest that the total cation and anion charges in these formulas be fixed to +1 and −1. This systematic nomenclature allows the consistent representation of any DSIL based on composition in terms of the ions and their abundance.
In this review, we will first discuss the physical properties of DSILs in order to determine the most important ionic interactions in these salts. We then explore the reported thermal and enthalpic properties and discuss the importance of DSIL solvent properties useful for new applications. Throughout the review, we discuss the relationship of the reported data to the concept of double salt ionic liquids and how the unique interactions involved in these systems might be responsible for specific properties. We hope that by understanding such complex interactions and noting where our understanding is limited and new data is needed, that DSILs might help the field of ionic liquids live up to its reputation as producing designer solvents and materials. 
Physical properties of DSILs
Of the 102 different DSIL systems reported to date, the most common IL ion combinations are based on three ions with 42% comprising a unique cation and 42% comprising a unique anion ( Fig. 1a ). DSILs composed of four or more ions represent only 16% of the studied DSILs. It is important to note that in these early studies, relatively commonly used, singly charged IL ions were studied. For example, about 55% of the cations studied were imidazolium derivatives and the most reported anions were [NTf 2 ] − (60%), [BF 4 ] − (21%), [PF 6 ] − (16%), and halides (8%). The most studied properties ( Fig. 1b) included viscosity, density, and molar excess volume (about one study in three), followed by simulations and modeling studies and enthalpy and conductivity measurements. It is clear now, as it was in 2001, that physical properties have been the subject of most interest. 8 While we do hope that systematic characterization of the physicochemical properties of DSILs will continue, since this should lead to an ability to ultimately model and predict which ion combinations will provide which properties, we will show through this review that the unique chemical and solvent properties of DSILs could lead to the development of new applications. Interestingly, the water content in the publications noted above was indicated in less than half of the reported studies (ca. 45%), and the purity (e.g., residual halide ions, organic solvent traces, etc.) of the ILs used for preparing DSILs is almost never indicated, sometimes leading us to question the reliability of the data. The importance of water content and other impurities cannot be understated, especially since impurities have considerable effect on an IL's physical properties (e.g., viscosity, conductivity, and diffusivity) has been a key consideration in the field for over 15 years. 31, 32 For example, the role of water in hydrogen bonding and solvating IL ions has been known for some time, 33 and water can certainly affect the reactivity of some solutes dissolved in ILs and modify the IL's solvent properties. 34 Indeed our Green Chemistry physical properties paper compared and contrasted the properties of dried vs. wet ILs. 8 Some lessons, however, seem destined to be relearned and such things as water content are not yet sufficiently and rigorously reported in the studies of DSIL physicochemical properties.
Below, we first review common physical properties of DSILs such as viscosity, density, excess molar volume, and conductivity, reporting the water content when it was indicated. We note in the tables where water content is not provided with N/A and a footnote 'data not provided' suggesting some caution in the use of this data. We compare the properties of these systems as others have done by calculating the deviation from the average obtained by molar abundance averaging (unless otherwise indicated) of the same property measured for the IL parents. When the data corresponding to the desired ratios were not directly available in the literature, we estimated the values from any provided data or plots.
Viscosity
Coulombic interactions are considered to be the major source of attraction in ILs comprised of a single type of cation and anion, depending on the ion charges, the interionic distances, and the coordination number, 35 but van der Waals interactions between alkyl chains, π-π stacking interactions, and hydrogen bonding between polar groups are also present. 36, 37 Based on Fourier Transform InfraRed (FTIR) spectroscopic studies and some ab initio calculations, Fumino et al. showed that strong and directional hydrogen bonds formed between cations and anions can destroy the charge symmetry. Hydrogen bonds can introduce defects into the Coulombic network of ILs that may increase the dynamics of the cations and anions, resulting in reduced viscosities. [38] [39] [40] Thus, they proposed that the physical properties of some imidazolium-based ILs can be tuned by adjusting the ratio between hydrogen bonding energies and Coulombic interactions to lead to lower viscosities. However, it is also important to emphasize that hydrogen bonding is a weaker, albeit more directional, electrostatic force than Coulombic interactions. 38 Based on standard ab initio molecular orbital theory calculations, Izgorodina and MacFarlane estimated that the Coulombic attractions dominate the energetics of imidazolium-based ion pairs and contribute between 86 to 88% of the overall attractive energy. 41 In the case of DSILs, hydrogen bonding seems to have a negligible effect on the viscosity (see for example the use of methylsulfate and ethylsulfate anions in Table 2 , entries 2 and 3). Hydrogen bonding between the cation and anion that actually does affect the viscosity of two-ion ILs might become even less important compared to Coulombic interactions, when more than two ions are present. However, there are very few studies on the viscosity of the type of DSILs needed to truly study this reported in the literature. For example, the viscosity of [C 2 C 1 im] x [C 2 C 1 C 1 im] (1−x) [NTf 2 ] as a function of mole ratio would be interesting to compare to [C 2 C 1 im][NTf 2 ] and [C 2 C 1 C 1 im][NTf 2 ] since the two-ion ILs themselves have very different viscosities of 34 mPa s and 88 mPa s, respectively. 42 That is, in the early studies of DSILs, we would suggest using ions and two-ion ILs that have very different properties, such that any differences found for the DSILs are more easily recognizable.
Although several mixing laws have been proposed in the literature to fit the DSIL data, such as the Katti and Chaudhri law (based on molar volumes), 43 the Grunberg and Nissan law (logarithmic law involving only the viscosity), 44 or the Bingham law (developed by analogy to electric resistors in parallel circuits), 45 good agreement between the experimental viscosity data and any of these seems rather limited. 16, 17 For this reason, and in order to facilitate the comparison across all of the available data, we calculated the deviation of viscosity for each system compared to the linear mixing average of the IL parents (Table 2 ), in which we have calculated the deviations of the viscosity compared to the ideal mixing [ average of the two IL parents calculated using the linear eqn (1):
where η i is the viscosity of the IL parent (i) and η is the viscosity of the DSIL. In order to provide an initial global comparison of all the published data, we highlight below the less ideal behavior compared to this law by considering an arbitrary line boundary (i.e., a deviation of 5 mPa s). Of course, this limit is arbitrary and may be better assessed after the study of additional systems. 47 Based on our analysis on the data obtained to date ( Table 2) , steric effects seem to have a considerable contribution to the organization of the ions causing the largest deviations in viscosity; while hydrogen bonding and dissymmetry factors seem to have negligible effects on the viscosity of DSILs, compared to the IL parents. Due to the presence of more than two ions, the viscosity seems to be even more controlled by Coulombic interactions than in two-ion ILs.
Interestingly, the viscosity of a DSIL composed of 4 ions, such as [C 2 C 1 im] x [C 4 C 2 im] ( 46 The maximum deviation of the viscosities from those assuming a linear mixing law was 60 mPa s (40% deviation) achieved when x was between 0.5 and 0.6 (y = 0.4-0.5). The authors attributed this deviation from ideality to the dissimilarity of the structures of the ions ( particularly in terms of the lengths of alkyl substituent chains on the cations). Non-linear changes were expected and observed for the two other four-ion systems, [NH 4 ] x [C 2 C 1 im] ( 21, 53 thus it is not possible to measure the average deviation.
Density and excess molar volume
The general trends in density with ionic composition are less evident than for viscosity and the number of reported examples is low. As a general rule, the densities of two-ion ILs tend to increase with increasing molecular weight of the anions and decrease with increasing alkyl chain length. 54 In the literature, densities of DSILs are often reported as having good correlation with a linear mixing law. 16 Table 3 confirms this for DSILs composed of three or four ions where globally only a very small deviation from linear averaging (mainly less than 0.01 g cm −3 and almost equivalent to the measurement errors) is observed. These differences do not provide unique information, however, since density is defined by the ratio between the mass and volume, ideal or nonideal behavior should be assessed by considering excess molar volumes.
By definition, excess molar volume, noted V E , is the difference in the measured molar volume of a mixture from the expected molar volume. 55 The expected molar volume is determined from the sample density and the weighted average of the molar volume of each parent compound at a specific temperature (indicated in Table 3 ) and at ambient pressure. V E is determined by eqn (2):
where χ is the mole fraction, M is the molecular weight, ρ is the density of the mixture, V M is the molar volume (i.e., volume occupied by one mole of a substance), and A and B denote the two different compounds constituting the DSILs. 26, 57 The molar excess volumes for DSILs allows one to discuss the volumetric aspect of the salts, where a positive V E is obtained when the volume is larger than expected compared to the mixing of two two-ion ILs, and a negative V E is obtained when the volume is smaller than expected. Table 3 summarizes the excess molar volumes for several DSILs at x = 0.25, 0.50, and 0.75. In order to highlight the differences, we consider an arbitrary line boundary (deviation of 0.20 cm 3 mol −1 ). Of course, this limit is arbitrary and may be better assessed after the study of additional systems in the literature.
By analysis of Table 3 , significant excess molar volumes are observed and several trends can be observed, showing the importance of considering this parameter. The molecular weight and especially the volume occupied by each ion appear to play a key role in the explanation of any deviation ( Table 3 , entries 10-13, and 27, 30, 32). As a general observation, the greater the differences in the sizes of the different ions composing a DSIL, the greater the positive excess molar volumes. While these trends may be contradicted by future studies, it is crucial that additional studies be designed to with ions of widely different properties to facilitate understanding the results.
As the long-range Coulomb forces between the charges lead to highly ordered ionic lattices, 61 the differences in the sizes and compositions of the ions in the DSILs might explain the deviations observed. These are essentially steric effects, where the differences in sizes can interfere with organization of the ions and thus could result in major deviations where Coulombic effects dominate, for example excess volume, viscosity, etc.
Castejón and Lashock reported the same conclusions from molecular dynamic simulation studies based on three-ion and four-ion DSIL systems composed of 1,2,3-triazolium and 1,2,4triazolium cations with perchlorate and nitrate anions. 62 
Ref.
Three-ion DSILs:
Deviations less than 0.20 cm 3 mol −1 c Cation Anion 1 Anion 2 15 57 Deviations greater than 0.20 cm 3 mol −1 c [
Four-ion DSILs:
a Deviation of the density (Δρ, g cm −3 ), compared to the linear average of the two IL parents calculated as Δρ = ρ − ∑χ i × ρ i where ρ is the density of the DSIL, χ i and ρ i are the mole fraction and density of the IL parents (i). b Excess molar volumes (V E , cm 3 mol −1 ) calculated according to eqn (2) . c To highlight differences an arbitrarily chosen limit of |Δρ| ≤ 0.20 cm 3 mol −1 was considered. d Data not provided. e Not sufficient data for calculations. f Comparison is not possible since the [NH 4 ][SCN] salt parent is a solid at 298.15 K (T m = 389 K). 53 Based on these data, they found that DSILs with anions and cations of comparable molar volumes appear to form 'regular solutions' and obey the ideal cross-square rules of mixing. The only deviations observed in their work were noted for DSILs having differences in molar volumes sufficient to upset the configurational entropy of mixing. The data to date support the idea that the structure and physical properties of DSILs depend directly on the final ion composition, not the composition of the two-ion ILs used to make them. Several papers reported the hypothesis that threedimensional organization characterized by the presence of different domains in DSILs is important. 63 RLS measurements give information on the presence of aggregates of molecules containing chromophores and the RLS intensity can be correlated to the size of aggregates. 64 In general, more significant variations in RLS intensity were detected for [BzC 4 
, indicating a more important reorganization in the three-dimensional network in the presence of two different anions. 63 1 H and 19 F NMR measurements indicated significant chemical shifts compared to the IL parents. 63 No changes were detected in the chemical shift of H-2 of the imidazolium ring for [BzC 4 im] x [Bz(F 5 )C 4 im] (1−x) [NTf 2 ], but significant upfield shifts were observed for the aliphatic protons (−0.18 ppm) of the butyl chain as x increased. All signals in the 19 F NMR spectra shifted downfield with increasing [BzC 4 im] + abundance. The authors ascribed these trends to the interaction between the butyl chain of an imidazolium cation and the aromatic ring (imidazolium, phenyl or/and pentafluorophenyl) of a cation, suggesting that the cations are organized in parallel planes, as previously reported for aromatic two-ion ILs. 65 66 All of this spectroscopic data suggests very specific changes in the ion-ion interactions which are clearly dependent on the nature of the various ions being combined. For the two-anionbased DSILs, these results are attributed to arrangements favoring interactions between the imidazolium and phenyl rings, the imidazolium and pentafluorophenyl rings, and the phenyl and pentafluorophenyl rings. In the last case, a quadrupole-quadrupole interaction should be operative, as a consequence of the reverse charge distribution in the interacting aromatic rings 67, 68 and as a result, this system should be stabilized by π-π, π-quadrupole, and C-H-π interactions.
For the two-cation-based DSILs, the more significant shifts are attributed to the increase in cation-anion interactions with the increase in anion basicity. These types of spectroscopic studies are essential to better understand the interactions between ions and the early published results support the concept that the behavior of these salts are closer to double salts where each ion can maximize its most favorable interactions to a variety of counter ions, a situation not found in mixtures of solvents. 26 They argued that decreased clustering of the ions leading to reduced correlated ion movement and more independent charge carriers could explain the increased conductivity.
Conductivity
Unfortunately, very few data on the ionic conductivity of DSILs are available at the moment, and it is difficult to develop any trends with this data. However, some experiments have confirmed a higher ionic conductivity for some three-ion DSILs ( Table 4 , entries 1 and 5-7) and four-ion DSILs ( Table 4 , entry 10) compared to either of the two-ion IL parents, which suggests unique properties are accessible by the DSIL approach compared to any series of two-ion ILs. DSILs have to be regarded as media entirely consisting of ions, and the thermodynamic properties can be described solely by ion-ion interactions, contrary to solvent-solvent mixtures or IL-solvent mixtures that can be described as ion-solvent, ion-ion, and solvent-solvent interactions. 71 Thus, the ion-ion interactions may be modified according to the nature of the ions and their abundance in the DSIL. The stronger attractions or steric hindrance/bulk of some ions might make the other ions more mobile and therefore, more highly conductive.
We believe that this type of ionic conductivity data is essential to better understand the interactions in DSILs. In addition, since many electrochemical applications based on ILs need improvement in ionic conductivity, DSILs might find applications here if the reasons for enhanced conductivities can be determined and therefore predicted. 72 
Walden plots
An interesting tool, a Walden plot combines temperature dependent viscosity and conductivity to provide insight into IL behavior. [73] [74] [75] Walden plot data for the DSILs [NH 4 (1−y) was reported by Pereiro et al. (Fig. 2) 21 who described the maximum deviation from ideality (i.e., the 0.01 M KCl line, where the system is fully dissociated into ions of equal mobility) 75 at 298.15 K when x = 0.33 and y = 0.66, a 1 : 2 mole ratio of the cations [C 2 C 1 im] + /[NH 4 ] + . All of the tested DSILs showed deviations from the ideal electrolyte line less than that of the IL and salt parents, indicating that the ionicity of DSILs might be higher than the two-ion ILs (Fig. 2) . It is important to note that one of the salts used to prepare these DSILs, namely [NH 4 ][SCN], melts at 116°C (389 K) 53 and is not defined as an IL. The formation of a DSIL by the combination of a low or non-melting IL and a high-melting crystalline salt supports the use of the 'DSIL' concept, and this will be discussed in detail later in this review (see section 6.2.3).
The authors further utilized 1 H NMR spectroscopic data ( Fig. 3) to better understand the specific interactions occurring in these DSILs that led to the interesting behavior observed. 21 Interestingly, the 13 C NMR data showed a downfield shift for C-2 of imidazolium ring, but almost no change for C-4 and C-5. Current interpretations of this NMR data for four-ion DSILs is limited, however, these results do seem to indicate a complex interplay between structural effects and competing Coulombic interactions between the ions in the studied DSILs.
In comparison, the NMR data reported by Kirchner et al. (1−x) showed an almost linear increase in upfield shift for the H-2, H-4, and H-5 protons of the imidazolium ring with increasing Cl − /[C 2 C 1 im] + mole ratio. 56 Based on computer simulations, they showed that the Cl − and [SCN] − anions compete for the same interaction sites of the cations. In this case, based on the choice of anions, it is interesting to note that the physical properties such as density were shown to be ideal. If in fact the behavior of DSILs is controlled by the presence of specific interactions 
a Deviation of the ionic conductivity (Δσ, mS cm −1 ) compared to ideal mixing average of the two IL parents calculated by the equation Δσ = σ − ∑χ i × σ i where σ is the ionic conductivity of the DSIL, χ i and σ i are the mole fraction and ionic conductivity of the IL parents (i). b Data not provided. c Only molar conductivities are provided here (ΔΛ m = +3.8 S cm 2 mol −1 when x = 0.5). (Fig. 4 ). 26 Typically, deviations from the ideal line obtained in a Walden plot are interpreted as a reflection of the degree of ion association in the medium. 76 In addition, it is known that the Walden plot can also be affected by the radius of the ions in solution. 10, 77 As shown in Fig. 4 , the DSILs containing the most bulky ions ([P 6,6,6,14 ] + and [C 6 C 1 pyr] + ) exhibited the most significant deviations from the ideal KCl line. These results further suggest that steric effects of the ions are important in these DSILs.
Here again, it appears that the steric effects of the ions and their specific associations in space (mainly driven by Coulombic interactions) lead to unique DSIL properties, different from the IL parents and different for each different mole ratio of the ions. Overall, the available Walden plot results support the idea that the physical properties essentially depend on these same factors, the compositions of the ions and the respective ionic interactions present in solution, and not on the original ionic interactions present in the individual ILs used to prepare the mixture.
Thermal behavior of DSILs
In 2006, Earle et al. reported the distillation of ILs and some '50/50 mixtures of ILs'. 78 Table 5 reports the composition of the undistilled residue and the distillate, analyzed by 1 H NMR after an optimized distillation processing of equimolar 'mixtures of ILs'. Entry 5 clearly shows that the composition of the residue and the distillate contained different mole ratios of each ion. Interestingly, the distillate was composed of 30% Distillation of the first DSIL led to partial separation of the two ILs, exhibiting an increase in mole fraction of [C 2 C 1 im][NTf 2 ] in the distillate with increasing temperature. However, only a small amount of distillate was collected for the second fourion DSIL. The authors concluded that the ethylsulfate anion was unstable and decomposed during distillation, probably through dealkylation of the sulfate oxygen. In addition, they stated that the vapor phase consisted of all possible combinations of neutral ion pairs (NIPs) from the liquid 'mixture'. 79 3. ] − in this DSIL allows competition between the two anions for the cations, changing the local structure (i.e., the mode of interaction between the cations and anions) from both IL parents. These results suggest that the cations can optimize interactions with different anions in DSILs in such a way that each anion interacts with the cations in the most favorable way (e.g., strongly Coulombic vs. directionally hydrogen bonded) for that ion. However, this study only presented the comparison of the two IL parents and one DSIL (x = 0.5). Clearly other intermediate mole ratios are needed to fully understand the interactions between these ions based on spectroscopic data. 69 Another study on [C 2 C 1 im][EtSO 4 ] x [NTf 2 ] (1−x) reported that the thermal stability of the DSILs rich in [EtSO 4 ] − (a better nucleophile than [NTf 2 ] − ) remained quite constant from x = 0.5 to x = 1 (Fig. 5 ), 46 however, the larger the excess of [NTf 2 ] − anions, the higher was the onset of decomposition temperatures. Since the more nucleophilic anion ([EtSO 4 ] − ) more easily interacts with the imidazolium cation, decomposition at lower temperatures as the proportion of this anion increases might be expected. However, this example clearly highlights the importance of the presence of the other anion, since the decomposition temperatures were not linear with the variation of the mole ratio and a threshold mole ratio of [EtSO 4 ] − was required to affect the decomposition onset temperature. Here again, the results suggest unique properties for specific ion combinations and argue away from basing all analyses on the properties of the IL parents.
Melting point
In a general way, the melting points or glass transition temperatures of two-ion ILs are widely used properties, directly linked to the structures of these ILs. 5, 80, 81 For example, Holbrey and Seddon first showed that the melting points of two-ion ILs, based on the 1-alkyl-3-methylimidazolium cation with tetrafluoroborate or hexafluorophosphate anions, could be changed in a regular fashion by changing the size and symmetry of the cation (i.e., that ILs could be designed and tuned for such properties). 82 6 ] DSILs with different ionic compositions. The use of cations with significant differences in their structures, and the variation of the abundance of each ion (i.e., designing of the ionic composition) allowed access to unique combinations of ions with new melting points, lower than those of the IL parents. 83 6, 6, 6, 14 ] (1−x) [NTf 2 ] which exhibited several crystallization exotherms, indicating that different crystallization processes were occurring at the same time while the two-ion IL parents showed single devitrification exotherms (Fig. 6 ). 26 Interestingly, all the [P 6, 6, 6, 14 
DSILs, containing a particularly large cation, were glass-forming. The authors concluded that using relatively similar structures of cations (occupied volume) may provide a means of lowering melting points and extending the low temperature liquid range of DSILs. However, this study also showed that the unique ionic combinations do not always lead to expected unique crystallization events. This aspect of DSILs remains unclear, but emphasizes the importance of collecting new data for these systems. It thus remains a research challenge to gain and interpret new data for DSILs to understand the specific combination of ionion interactions leading to the observed behavior.
In 2008 using differential scanning calorimetry data (DSC), our group proposed a method for ready determination of the eutectic point compositions for mixtures of two-ion ILs. In addition, we proposed a synthetic strategy to directly form eutectics of ILs (DSILs) to tune bulk properties, based on the properties provided by each cation, each anion, and the variation of ion proportions (Fig. 7) . 18 (1−y) . 84, 85 The authors described these as 'stable salt pairs' and studied their thermal properties as a function of the mole ratios of the constituent ions. Their phase diagrams allowed prediction of the crystallization properties depending on the ion compositions of the different salts, and the temperature. Interestingly, the phase diagrams revealed that in some regions two-ion salts crystallized (e.g., [ (1−y) ). These results would seem to confirm that different types of interactions are present according to the mole ratios of ions and ion type which leads to different nucleation events.
On this same basis, the thermodynamic properties of 2 ] studied by adiabatic calorimetry were recently reported by Paulechka et al., where it was concluded that the crystalline state of the DSILs 86 was less stable than that of the parent component crystals. 87, 88 Moreover, they determined that the specific heat capacity of the DSILs was significantly higher than the heat capacity calculated for the same composition of both IL parents. 88 Conversely, the total enthalpy of the crystal to liquid transition was significantly lower than the additive value. 86 These results suggest that DSIL configurations favor solid solution formation substituted in the cationic sublattice. However, it is important to note that the authors assumed a hypothetical starting point that the mixture of [C 2 C 1 im][NTf 2 ] and [C 6 C 1 im][NTf 2 ] was ideal in order to build the phase diagram, and this approximation has not yet been proven. 27 DSC heating and cooling traces showed that the anionic species are responsible for the crystallization of the ILs and DSILs. The same results were observed in the presence of only the [NTf 2 ] − anion (two-ion IL), only the [N(SO 2 F) 2 ] − anion (two-ion IL), or both at 50 mol% (DSIL). Only the 1 : 1 mole ratio of each anion was tested in this study and other intermediate ratios need to be investigated to better understand the thermal behavior. However, the authors concluded that if the cation is able to fit into the anionic matrix, the system can crystallize. If the cations do not fit, due to size and configuration, only a glassy state will be achieved.
Related to this conclusion, NMR studies reported in the literature for [C 2 C 1 im][BF 4 ] 0.5 [NTf 2 ] 0.5 (see section 3.1), 69 [ (1−x) indicated that the local structure was changed compared to the IL parents, showing a certain degree of nanostructuring, most likely in the form of short-range fluorine-fluorine and cation-anion contacts. 51 Indeed, 2D heteronuclear NOESY experiments (detection of heteronuclear through-space Nuclear Overhauser Effect (NOE) connectivities between non-bonded nuclei) specifically showed some significant changes to the local structure brought about by the simultaneous presence of anionic components differing in fluorine content, steric hindrance, and symmetry. The NOE data suggests formation of domains in DSILs, and particularly [C 4 C 1 pyr][N(SO 2 C 2 F 5 ) 2 ] x [N(S 2 O 4 C 5 F 12 )] (1−x) showed important deviations in physical properties compared to the average mixing of the corresponding IL parents, attributed to the marked difference in size and fluorine content of its two anions.
Overall, the thermal properties reported for DSILs are in agreement with the double salt concept that we propose. The phase transition temperatures of two-ion ILs are governed by van der Waals forces and electrostatic interactions. 89 As we have discussed previously, we believe that these forces can be optimized such that each ion in a DSIL can have different overall interactions. These optimized interactions can lead to new physical and thermal properties of these salts, thus the DSIL concept provides an approach to the development of new properties not obtained in two-ion ILs. However, some of the reported thermal behavior remains difficult to explain (e.g., Fig. 6 ), and the unique ionic combinations do not always seem to lead to unique crystallization events. Based on the low number of reported DSILs and their characterization, clearly more fundamental studies are needed to understand the role of both van der Waals and electrostatic interactions in the organization of these salts.
Excess molar enthalpy
Experimental and simulation data on the enthalpy of two-ion ILs has confirmed that they are structured media. 90 By definition, liquid mixtures that obey Raoult's Law are considered as ideal solutions and in this case, the enthalpy of mixing is equal to zero. Based on this law, the measurement of excess molar enthalpy of a DSIL, compare to the enthalpy of mixing of the corresponding IL parents is an important factor to better understand DSILs properties. We discuss below the excess molar enthalpies of three-ion DSILs ( Table 6 ), but the comparison of each system is difficult since the experimental conditions are often very different, and some caution is urged in trying to draw too many firm conclusions too soon.
The excess enthalpy is related to the breaking and making of interactions in a mixing process. A positive excess enthalpy implies that attractive interactions between ions in DSILs are, on average, weaker than those between the ions in the IL parents, whereas a negative excess enthalpy indicates the opposite. For example, Navia et al. reported small positive excess enthalpies of mixing for DSILs of different cations with a common anion such as [C 2 C 1 im] x [C 6 C 1 im] ( (Table 6 , entries 1 and 2), indicating more energetically favorable interactions between the ions in the DSILs.
Based on the reported excess molar enthalpies as a function of composition (Table 6 ) and general rules of thermodynamics for liquid mixtures, 92, 93 DSILs should not be considered as ideal mixtures of the IL parents. Additionally, differences in size (e.g., Table 6 , entry 7) and polarity (e.g., Table 6 , entries 3-5) between the ions appear to be two important factors to help explain the observed trends in excess molar enthalpies. 92 However, with so little data reported to date, it is difficult to draw other relevant conclusions here.
Solvent properties of DSILs
We have discussed previously in this review how the physical and thermal properties could be explained by some of the possible ionic interactions in DSILs, mainly based on steric and electrostatic effects, and how these data might support the double salt ionic liquid concept. From the few results reported, hydrogen bonding does not seem to greatly affect the physical properties of DSILs; however, we wanted to know if hydrogen bonding interactions could be important for the solvent properties of DSILs, as they are for two-ions ILs. 94, 95 ILs have been widely studied as solvents for more than a decade, 96, 97 showing sometimes dramatic efficiency in terms of solubility, compared to classical molecular solvents. Many examples have appeared demonstrating the solvent properties of ILs for organic chemistry and catalysis, 5,98 biomass processing, [99] [100] [101] nanoparticle dispersion, 102 electrochemical applications, 72 analytical chemistry, 103 nuclear fuel reprocessing, 104 and many other areas. 11, 105, 106 In this part of the review, we will discuss the solvent properties of DSILs through reported examples of the solubility of chemicals, gases, solvent, and drugs, and through the study of available polarity parameters.
Solubility studies in DSILs

Solubility of gases in DSILs.
In the context of sustainable development, two-ion ILs have shown interesting potential to be used as liquid absorbents because of their high CO 2 solubility. 107 Recently, the solubility of CO 2 was also investigated in DSILs. For example, Pinto (1−x) . These two DSILs provided the smallest molar volumes in the study, leading the authors to suggest that control over IL molar volume could be used to enhance CO 2 selectivity. Although improvements of CO 2 solubility using DSILs have not been demonstrated yet, given that higher selectivity has been demonstrated we believe that DSILs may be beneficial in CO 2 capture processing, since the cost, the toxicity, or other interesting parameters of DSILs can be tuned as a function of ionic composition. 110 The enrichment of the DSILs with Cl − anion resulted in improved separation selectivity of analytes capable of undergoing hydrogen bonding interactions with the stationary phase, as well as ketones, aldehydes, and aromatic compounds. Thus, in addition to advantages such as thermal stability or tunable viscosity previously emphasized for two-ion ILs used as stationary phases in gas chromatography, 111 DSILs offer the possibility to selectively separate analytes as a function of the molar composition. This aspect of DSILs is relatively unexplored and could be quite important in specific separations. (1−x) as gas chromatography stationary phases for improving the separation selectivity of alcohols and aromatic compounds. 112 The GC solvation parameter model was used in this study to examine the solvation interactions between the DSILs and the different probe molecules containing varied functional groups. This study showed that enrichment of the DSILs with Cl − anions resulted in a stationary phase with enhanced dipole-type and hydrogen bond basicity interactions (Cl − vs. 115 Although no chemical explanation was provided in this study, the specific DSIL studied, [C 2 C 1 im] 0.7 [4-C 4 -C 1 py] 0.3 [C 2 HF 4 SO 3 ] 0.7 [NTf 2 ] 0.3 , allowed efficient extraction of toluene from heptane with higher separation factors than that of other organic solvents (e.g., sulfalone) and one of the IL parents, namely [4-C 4 -C 1 py]-[NTf 2 ] (Fig. 8) .
This work represents an interesting example where the solvent properties of the individual two-ion ILs were used to select which ILs to combine. One was chosen for high capacity and one for selectivity. It was observed that the resulting properties could be tuned between those of the two individual ILs, allowing optimization of an appropriate selectivity higher than found for one of the original ILs and a higher capacity than observed for the other one. More studies of this type are needed to understand how the combination of ions worked so that future DSILs can be designed from scratch for specific applications.
5.1.3. Solubility of surfactants in DSILs. Cloud point phenomena were observed for three polyoxyethylene-type nonionic surfactants (POE), namely C 12 E 5 , C 14 E 5 , and C 15 E 6 (H(CH 2 ) n (OCH 2 CH 2 ) m OH (noted C n E m where n refers to the number of carbon atoms in the hydrocarbon chain and m to the number of oxyethylene units in the molecule) in 116 The cloud point of a nonionic surfactant is the temperature where the mixture starts to phase separate and two phases appear. This behavior is characteristic of nonionic surfactants containing polyoxyethylene chains, which exhibit reversible solubility vs. temperature behavior in water. 117 Interestingly, C 12 E 5 , C 14 E 5 , and C 15 E 6 surfactants exhibited no cloud point in the corresponding temperature range in [C 6 C 1 im][BF 4 ] and they are almost completely immiscible with [C 2 C 1 im][BF 4 ] (Fig. 9 ). 116 Analysis of the 1 H NMR chemical shifts of the imidazolium protons suggested preferential interaction of the [C 6 C 1 im] + cation with surfactant molecules in the DSILs through interaction between the hydrogen of the C-2 position of the imidazolium ring and the oxygen of POE, and between the hexyl group and the surfactant hydrocarbon chain. The cloud point observed at 333 K in [C 2 C 1 im] x [C 6 C 1 im] (1−x) [BF 4 ] may be attributable to the desolvation of the [C 6 C 1 im] + cation from a The selectivity α is defined by the ratio of retention factors (k 1 and k 2 , respectively for the two compounds being separated), according the following equations: k = (t r − t m )/t m and α = k 1 /k 2 where t r is the retention time, and t m is the void time. the surfactant chain caused by an increase in temperature. These results suggest that the ionic compositions of DSILs can be tuned to support the self-assembly of amphiphilic compounds. 5.1.4. Solubility of pharmaceuticals in DSILs. The development of IL-based strategies to solubilize poorly water soluble active pharmaceuticals ingredients (APIs) in order to establish better drug delivery systems has aroused great interest in recent years. [118] [119] [120] [121] Dialkylimidazolium ILs with Cl − , Br − , or [PF 6 ] − anions, and DSILs prepared by mixing these ILs have been reported to dissolve poorly water-soluble model drugs such as albendazole and danazol, indicating their potential application as pharmaceutical solvents/co-solvents. 122 The aqueous miscibility of a poorly water-miscible IL such as [C 4 C 1 im][PF 6 ] was improved by the inclusion of Br − anions in the system. Interestingly, the miscibility of the [C 4 C 1 im]-[Br] x [PF 6 ] (1−x) DSILs did not reflect the water miscibility expected by mixing the two IL parents, whose miscibilities in water were known. 122 This example highlights the enhancement of solubility for poorly water-soluble drugs using DSILs in aqueous solution, where the behavior and the interactions of DSILs will be different than in the neat systems. While outside the main thrust of our review since these solutions could easily be made by simply dissolving multiple salts in water, we do believe DSILs might have some unique applications for drugs solubilization if unique ion combinations lead to better hydrotropes. 118 5.1.5. Summary: solvent properties and applications. For the moment, the use of DSILs as solvents is in its infancy, and the mechanisms of solvation are not highly studied, nor readily apparent. However, the results to date have already indicated interesting improvements in terms of tunability and solubility of some chemicals, solvents, gases, and even drugs.
We believe that one of the main areas of interest in the study and use of DSILs will be as solvents, even if for the moment mostly thermophysical properties are being studied and reported. We cannot emphasize enough that the possibilities to design DSIL solvents as a function of cations, anions, and mole ratios of the ions, by specifically choosing ions for their individual properties and specific ionic interactions to tune the bulk properties, are exciting and can be adapted to specific molecules and applications.
Polarity parameters of DSILs
In order to more fully understand how DSILs could help solubilize molecules, solvents, or gases, we need to look at the reported polarity parameters. Most of these types of studies are based on the use of solvatochromic dyes in two-ion ILs and the results are expressed in terms of Reichardt E T (30) 123 and Kamlet-Taft parameters. 66, 124 Indeed, chemists usually attempt to understand solvent effects on chemical processes in terms of the solvent polarity, where weaker interactions such as hydrogen bonding become more important.
D'Anna et al. analyzed the effects of DSILs on the properties of a solute carrying out a UV/Vis study using Nile Red as the probe to examine the dynamics and environment of the systems. 63 The Nile Red absorbance values gradually increased with increasing x in [BzC 4 im] x [Bz(F 5 )C 4 im] (1−x) [NTf 2 ], but showed a maximum at x = 0.3 and a minimum at x = 0.8 for (1−x) . In such analyses, changes in slope are generally ascribed to changes in the microenvironment in which the solvatochromic probe is dissolved. Here more significant variations in solvent properties were observed for DSILs having two different anions. (Our analysis of threedimensional organization of these DSILs was discussed in section 2.2.)
Men et al. investigated by X-ray photoelectron spectroscopy (XPS), the electronic interaction between the cation ( pyrrolidinium or imidazolium) and anion ([NTf 2 ] − , [PF 6 ] − and I − ) in DSILs composed of one cation and two anions. 125 They studied the binding energy of the electronic interaction of the anion with the charge-bearing head group of the ILs and showed a correlation with the anion basicity. In addition, the authors stated that [C 8 C 1 Pyrr][NTf 2 ] 0.5 [I] 0.5 contains an "intimate mixture of cations and randomly distributed anions, not discrete pockets of the cation and one type of anion or the other." This experiment does not support, or disprove, the formation of polar and non-polar domains within pyrrolidiniumbased ILs, but it does eliminate the formation of discrete pockets of different ILs within the bulk DSILs, as would be the case in an aggregate or emulsion-based system. The authors also showed that the anion greatly affects the electronic environment of the cation and proposed that the underlying factors can be explained by treating Coulombic and van der Waals contributions independently. 125 5.2.1. E T (30) parameters of DSILs. The visible absorption of betaine dye no. 30 (Reichardt's dye) has been used as a solvent-dependent reference to empirically define the E T (30) parameter. [126] [127] [128] The wavelength of the lowest energy absorbance maximum has been shown to correlate with the hydrogen bond acidity, Lewis acidity, and dipolarity of the solvent, with the hydrogen bond acidity representing the most important contribution. 129 Recently, polarity studies have been extended to some DSILs, where for example, Weber et al.
after showing that the rate of a tert-alkylpicolinium salt hydrolysis reaction was accelerated by changing the ionic concentrations. 130 As illustrated in Fig. 10 , the curvature of the variation of E T (30) as a function of ionic composition suggested that [C 4 C 1 im] + was interacting more strongly with the dye than [C 4 C 1 C 1 im] + , an ion where the most acidic hydrogen in the imidazolium ring (H-2) is replaced with a methyl group. The authors suggested that this preferential solvation of Reichardt's dye within the DSILs is based on the hydrogen bond acceptor ability of a polar solute which would primarily be solvated by the [C 4 C 1 im] + cations at higher mole ratio (Fig. 10) . However, the measured rates for the model hydrolysis reaction with 4-picoline complexed to triphenylmethyl chloride (influenced by the solvent structure) gave a good linear fit upon varying the mole ratio in [C 4 
, in contrast to the preferential solvation exhibited by Reichardt's dye. 130 Based on this result and the previous spectroscopic data discussed in this review, we believe that ionic interactions in DSILs are not only affected by directional hydrogen bonding, but also by the associations of ions in the most favorable Coulombic organization.
Very recently, the same authors investigated the same DSILs as solvents for the nucleophilic substitution of N-( pfluorophenyldiphenylmethyl)-4-picolinium chloride using water and a series of alcoholic nucleophiles. 131 They first showed the reduction of the hydrogen bond acidity of the twoion ILs through the use of [C 4 C 1 C 1 im][NTf 2 ] rather than [C 4 C 1 im][NTf 2 ] as a solvent, yielded an increase in the rate constant of the reaction by testing different nucleophiles (water and some alcohols). Based on the Kamlet-Taft parameters of the IL parents, they showed that the solvation of aromatics was not strongly influenced by the aromaticity of the cation itself, confirming that the strong interactions between aromatic molecules and two-ion ILs result from ion-quadrupole rather than π-π interactions as shown before. 132 Furthermore, the results of the studied reactions using DSILs were demonstrated to be unique, with water or selected alcohols exhibiting significant preferential solvation behavior resulting from electronic and steric effects from the alkyl group. This suggests some influence of the cations in the transition state of the reaction.
In summary, the use of ionic systems consisting of one IL with desirable solvation properties, such as strong hydrogen bond donating or accepting groups, and another IL with desired physical properties, such as low viscosity or melting point, is feasible and may enable new classes of chemical transformations to proceed more selectively and/or under milder conditions. While it is clear that the choice and proportion of each ion leads to DSILs with the desired properties, we do question whether it is really the properties of the IL parents that one needs to consider rather than simply the resultant ionic compositions.
Kamlet-Taft parameter of DSILs.
Specific interactions, responsible for any degree of solvation, can also be related to Kamlet-Taft parameters, designated as solvatochromic indicators of solvent dipolarity/polarizability (π*), hydrogen bond donor strength (α), and hydrogen bond acceptor strength (β). 66, 129, 133, 134 In many two-ion ILs, it is thought that hydrogen bond acidity along with hydrogen bond basicity are the major players in solvation. 135 Some have suggested that the β parameter, usually a factor of anion basicity, is the largest reason for differing solubilities in ILs, and that the anion plays the largest role in most cases of solvation. 66, 135 Ohno et al. reported the Kamlet-Taft parameters of some amino acid-based DSILs as a function of ionic composition. 136 Interestingly, the β parameter of the three studied DSIL types, (1−x) , and [C 2 C 1 im]-[Glu] x [Lys] (1−x) , varied almost linearly with mole ratio (Fig. 11a ). This suggests that the hydrogen bond acceptor strength is proportional to the abundance and the hydrogen bond acceptor strength of each anion. However, the α values of (1−x) change non-linearly with the ionic composition (Fig. 11b) . Since the cation here should account for the observed α values, these values can decrease when stronger hydrogen bonding between anion and cation exists, reducing potential hydrogen bond donation from the cation to the dye probe. 137 These results highlight the different interactions between the two anions and the common [C 2 C 1 im] + cation in the studied DSILs.
The π* parameters of [ (1−x) that have a maximum π* value when x = 0.25 (1 : 3 anion ratio) and when x = 0.5 (1 : 1 anion ratio), respectively (Fig. 11c) . These results indicate that the two latter DSIL types are highly polar, with π* values superior to those of the IL parents, but also greater than other known two-ion polar ILs. 137, 138 These DSILs are also very viscous, 136 and the authors thus studied the less viscous [P 4, 4, 4, 4 ] [Asp] x [Lys] (1−x) , based on their previous work with [P 4,4,4,4 ] + -based ILs. 139 Based on the crystal structure of [P 4, 4, 4, 4 ] [Glu], they discussed the possible interactions in amino acid ILs, and the importance of hydrogen bonding to explain the DSIL behavior. They concluded that even in the liquid state aggregations of ions via hydrogen bonding are possible, that the strength of hydrogen bonding between ions depended on the ion's capacities for hydrogen bonding, and that hydrogen bonding can contribute to lower ion mobility.
We would also strongly recommend that spectroscopic data be collected for the detailed study of such DSILs to help further understand the nature of the interactions between each ion in the DSILs before such conclusions are finalized. At a minimum, changes in the electronic environment of the ions can be readily determined.
Fletcher et al. conducted a complete study of solute-solvent and ion-ion interactions in [C 4 28 Pyrene can be used as a fluorescent probe of polarity within organized media based on the ratio of monomer fluorescence intensities at bands I (0-0 band, 373 nm) and III (384 nm). 140 In the above study, ideality was defined as the expected spectral response of the solvatochromic probe within a binary solvent mixture, obtained by the mole fraction weighted average of the probe's spectral responses in the two parent compounds. 141 For the three DSILs studied, the corresponding 'pyrene I I /I III ' values, a function of solvent dielectric (ε) and refractive index (n), were above the expected values, suggesting an increased local dielectric relative to ideal mixing of the twoion ILs. The deviations from ideality increased from [C 2 C 1 im] x -[C 4 C 1 im] ( However, since pyrene cannot participate in hydrogen bonding, some of the results were not consistent and were poorly explained by the existence of microheterogeneity (as suggested by the authors) in DSILs, and need further investigations.
In addition, through the study of Kamlet-Taft parameters, the authors showed that deviations in π* values were statistically insignificant, and that the hydrogen bond acceptor basicity remained virtually unchanged across all mole fractions. 28 On the other hand, the hydrogen bond acidity (α) of the studied DSILs showed clear deviations compared to the mixing average of the IL parents.
Overall, the results obtained for polarity parameters of ILs or DSILs may be biased by the selected probes or the chosen ions, and thus care must be taken before wide ranging conclusions are made. As we suggested earlier, phenomena dominated by Coulombic interactions might better be modeled using polarity scales based upon charged probes, whereas those for which Coulombic interactions are not significant can better be modeled using polarity scales based upon neutral probes. 66 Thus, the reported results should be considered with caution since they use interaction-dependent techniques to discuss the polarity of DSILs whereas the interactions that govern DSILs are not really known and the number of possible interactions dramatically increases as one goes from two ions to three ions or more. Nonetheless, the reported studies have indicated that the use of DSILs may be a viable approach in the design and modification of these solvents toward specific ends. The caution here is that DSILs often exhibit properties not readily apparent from those of the individual IL parents.
Uses of DSILs
Applications of DSILs
Applications which incorporate the use of DSILs have not been widely studied yet; the majority of the publications in this area have rather been directed to the study of their physicochemical properties. However, a few applications have been reported in the general areas of chemistry, industry, and sustainable development. These are grouped in Table 9 , indicating the main advantages brought by using the DSILs.
6.1.1. Electrochemical applications. The most widely known applications of DSILs are in the area of electrochemistry, where the main advantage of using DSILs is that the properties can be tuned significantly with a judicious choice of ionic composition. For example, [C 2 C 1 im] x [C 3 C 1 pyr] ( (1−x) [NTf 2 ], showed lower viscosities and higher conductivities than the parent two-ion ILs leading to potential applications for lithium ion batteries ( Table 9 , entry 1). 142 The DSIL approach was also used to reduce viscosities allowing improved transport properties of iodide-based twoion ILs. [157] [158] [159] Diffusion coefficient measurements of triiodide in [C 3 C 1 im] x [C 4 C 1 im] (1−x) [BF 4 ] y [I] (1−y) at 298 K were reported based on four comparative electrochemical methods and these could find interesting applications for Grätzel-type dye-sensitized solar cells (Table 9 , entry 2). 143 Another investigation of specific DSILs as electrolytes in lithium battery cells was performed by Lane et al. where
([O-COO-azaspiro] + : 2-oxo-3,9-dioxa-6-azaspiro [5.5] undecan-6-ium cation) with added lithium salt (LiNTf 2 ) was used to suppress dendrite formation ( Table 9 , entry 3). 144 Indeed, the [O-COO-azaspiro] + cation was already known to successfully suppress dendrite formation in [O-COO-azaspiro][NTf 2 ], but its high melting point, poor capacity, and passivation of the electrode, prohibited its use alone. On the other hand, the pyrrolidinium cation was known to cause dendrite formation at the lithium electrode, resulting in shorting of the cell in [C 3 C 1 pyr][NTf 2 ]. It was the combination of these two cations ([O-COO-azaspiro] + and [C 3 C 1 pyr] + ) in a DSIL with the common anion [NTf 2 ] − that led to the elimination of dendrite formation and good cycling of the cell with high capacities.
The DSILs [C 14 isoqui] x [N 7,7,7,7 ] (1−x) [N(SO 2 C 2 F 5 ) 2 ] were investigated at the DSIL-water interface ( Table 9 , entry 4). 145 The surface properties of the water interface were affected by the applied potential, resulting in changes in the surface charge and the structure of the electrical double layers, but were also changed by changing the mole ratio of the ions in the DSILs. Indeed, the interfacial tension measurements at both DSILwater and DSIL-air interfaces suggested a phase transition for the DSIL phase at x = 0.2. Interestingly, [C 14 isoqui] + is much more surface active than [N 7,7,7,7 ] + in the DSIL, and the gap in critical micelle concentration values and the phase transition points occurred at the specific mole ratio x = 0.2. The authors attributed this observation to the presence of a "certain common denominator that gives rise to the difference in surface and bulk properties in the phase transition of the electrolyte solutions," although the exact chemical explanation was not provided.
Electrodeposition has also been reported using DSILs, where magnesium was electrodeposited from solutions of Mg-(CF 3 Table 9 , entry 5). 146 Increasing the relative mole ratios of [C 3 C 1 pip] + and [NTf 2 ] − increased the conductivity of the electrolyte system and the initial deposition-dissolution overpotentials were found to be lower in the DSILs than in any of the IL parents. In particular, [C 3 C 1 pip] 0.6 [C 4 C 1 im] 0.4 [BF 4 ] 0.4 [NTf 2 ] 0.6 exhibited good conductivity and the lowest initial overpotential. Interestingly, reversible electrodeposition was maintained over 200 cycles using this DSIL.
6.1.2. CO 2 absorption. We have previously discussed the use of DSILs to improve CO 2 absorption (Table 9 , entries [6] [7] [8] . Even if the CO 2 solubility in the DSIL is no higher than in the IL parents, the non-linearity as a function of mole ratio suggests that it is possible to tune the solubility and physical properties (e.g., viscosity) according to the nature and abundance of each ion. 46, 108, 147 Such an approach could be quite important in being able to have both the solubility and fluidity parameters optimized for a specific process, since often improving one property makes another worse in twoion ILs.
6.1.3. Solvents in organic chemistry. Some DSILs have been used as solvents for organic chemistry. Tominaga performed Ru-catalyzed hydroformylation of 1-hexene with We also demonstrated a lower cost, halide free approach to the preparation of cellulose-dissolving ILs based on dialkylimidazolium acetate ( Table 9 , entry 18). A statistical mixture of symmetric and asymmetric dialkylimidazolium cations was prepared in a one pot synthesis by following the reaction depicted in Scheme 1b (section 1) yielding [C 1 C 1 im] 0.25 -[C 2 C 1 im] 0.5 [C 2 C 2 im] 0.25 [OAc] . 19 156 Hydrate formation is problematic in the oil and gas industry where blockage in transmission lines can lead to economic losses as well as safety and ecological risks. 140 In this example, the DSIL exhibited more effective inhibition of hydrate formation than either of the IL parents. Although the reasons behind the different trends obtained is not yet known, this work suggests that DSILs could represent an interesting alternative to other gas hydrate inhibitors in the oil and gas industries.
6.1.7. Gas chromatography. As we have already discussed, DSILs have found new applications in analytical chemistry, especially as gas chromatography stationary phases to improve separations and selectivity by tuning the nature and abundance of the ions (Table 9 , entries 21 and 22). 110, 112 In this area, DSILs seem to offer promising new opportunities for tunable chromatographic supports, above and beyond the twoion ILs (see section 5.1 of this review). 111 6.1.8. Summary. In summary, early data on the use of DSILs in several areas of application suggest that using the DSIL approach can lead to greater opportunities (compared to two-ion ILs) to tailor make an ionic composition with optimized physicochemical properties by variation of ion type and abundance. Many of the examples report better results using a DSIL than obtained with the corresponding two-ion ILs. Understanding the intrinsic behavior of DSILs and the underlying mechanisms of interaction with other chemicals or solvents, represents an undeniable challenge in the efficient development of future DSILs based applications, but one well worth the effort.
Why use DSILs?
In this last part of the review, we would like to discuss other new opportunities brought by the DSIL concept. Certainly, the numerous examples and applications described above, have already shown advantages of DSILs in tuning physical, thermal, and chemical properties and for improving selectivity, yield, and reactivity; but it is now important to determine other future opportunities for DSILs.
6.2.1. New interactions and unexpected physicochemical properties. One can envision that DSILs might be advantageous when non-ideal mixing behavior is observed compared to the ideal mixing of two IL parents; that is when new properties are obtained. Computer simulations are beginning to offer interesting suggestions to explain some of these trends. For example, 'quasi-ideal' behavior was observed for [C 2 C 1 im][Cl] x [SCN] (1−x) studied using ab initio molecular dynamics. 56 The authors showed that Cl − and [SCN] − anions compete for the same interaction sites of the cations, including the hydrogen atoms of the imidazolium ring. They observed that the [C 2 C 1 im] + cations are located directly on top of each other, a characteristic conformation caused by the π-π stacking of the imidazolium rings. In addition to Coulombic forces, it is chemically intuitive that the behavior of DSILs could be controlled by the presence of weak specific interactions that take place in the DSILs, mainly related to the competition of the ions for the same interaction sites. From the analysis of DSIL physicochemical data from the literature, we can conclude that DSILs can be both 'ideal' and 'non-ideal' depending on the property examined.
Aparicio and Atilhan reported an ATR-FTIR study combined with molecular dynamics simulations of [3-C 1 -C 4 py] x [3-C 1 -C 8 (1−x) . The data for the first DSIL was explained by considering lower apolar domains for the [3-C 1 -C 4 py] + -rich systems, leading to more efficient packing, lower steric hindrance, more dense and less viscous fluids, but without important structural changes. 162 The second DSIL showed two regions in which the properties resembled those of the IL parents, separated by a critical concentration of [BF 4 ] − anions (at x = 0.6). However, the changes in physical properties obtained from molecular dynamics simulations were almost linear with increasing mole ratio, and the comparison of vibrational spectra deconvoluted from twoion ILs with that of the DSILs suggested that regions dominated by interactions between cation and [N(CN) 2 ] − anions, when the DSIL is depleted in [BF 4 ] − , or reverse for regions dominated by [BF 4 ] − .
Computer simulations using an all-atom force field showed that [C 2 C 1 im] 0.5 [C 6 C 1 im] 0.5 [NTf 2 ] contains microphase separation between polar and non-polar domains, but the global behavior of this DSIL was shown to be ideal. 163 Thus, some simulation studies reported good agreement with predictions for several properties compared to ideality, but often, similar and common cations/anions were used, and the deviations would logically be small in such cases. 60, 163, 164 In the same way, ideal behavior compared to the IL parents of DSILs composed of common [NTf 2 ] − anions paired with imidazolium, pyridinium, and piperidinium cations (having the same range in sizes) was recently reported by Coutinho et al. based on surface tension measurements of ILs and the corresponding DSILs. 165 Based on the numerous unexpected physicochemical properties reported throughout the examples of this review, we suggest that it is the non-ideal behavior which should be sought in order to take advantage of new properties proposed by DSILs. Clearly, the DSILs are not simple mixtures of ILs, and should not only be compared to mixtures of organic solvents because the individual ions which comprise each IL can interact independently with the other ions, and thus can lead to new and unexpected properties. 6.2.2. Preparation of specific DSILs. Currently, the mixing of two two-ion ILs is the main way DSILs have been prepared for study. However, while an important advantage for the DSIL approach is the possibility to prepare a specific ion combination in order to have specific properties, almost no research or thought has gone into methods to prepare these unique ion combinations other than 'mixing'. As mentioned earlier in this review, in 2008 we demonstrated the one-pot synthesis of [C 1 C 1 im][4-NO 2 -tri] 0.64 [4,5-diNO 2 -im] 0.36 by reacting 1,3dimethylimidazolium-2-carboxylate (1 mole equivalent) with 0.64 eq. of 4-nitro-1,2,3-triazole and 0.36 eq. of 4,6-dinitroimidazole in EtOH-DMSO mixture over 24 h (Scheme 1a in section 1). 18 This synthetic route allowed the easy removal of byproduct (CO 2 (g)) avoiding halide and metal impurities. 166 This DSIL was also prepared by first making [C 1 [OAc] were likewise prepared in a one pot reaction, here by reacting 1 eq. each of two different alkylamines, aqueous formaldehyde, acetic acid, and aqueous glyoxal solution (see Scheme 1b in section 1). 19 These DSILs could, of course also be prepared by first preparing three individual two ion ILs and mixing them in the appropriate ratios, but the cost (monetary and environmental) of doing so would be much greater.
We believe that other efficient ways will be established in order to prepare DSILs, since they are defined by the nature and the abundance of the ions composing them and do not retain the chemical identity of the original parent IL. Once the field stops focusing on the mixing of two or more ILs and instead focuses on the resulting DSILs and what these unique systems can accomplish, we are confident that the direct synthesis of DSILs will become commonplace. 6.2.3. A new design strategy for 'ionic liquids'. Seddon named ILs as 'designer solvents' because of the possibility to design their properties by choosing the nature of the anion and the cation. 167 Davis' Task-Specific Ionic Liquid (TSIL) concept was also developed to design ILs for specific properties and applications by functionalizing the anion or/and the cation. 160, 168 The concept of DSILs opens access to another way to design ILs for specific applications, by choosing not only the nature of the ions but also their proportions. ( 21 This approach can lead to more stable, less viscous, less toxic, and more ecofriendly DSILs.
Another interesting example is a study related to DSIL toxicity to Vibrio qinghaiensis (Q67). 169 Aqueous solutions were prepared from the mixing of nine 1-alkyl-3-methylimidazolium based-ILs, with different alkyl chains lengths (ethyl, butyl, hexyl, and octyl) on the cations, and chloride, bromide, or alkylsulfates anions (Table 10 , entries 1-9). Based on microplate toxicity analysis, 170 [10] [11] [12] [13] . In the last solution (Table 10 , entry 13), the authors found a good correlation with the effects obtained based on the individual IL parent solutions and their concentrations. However, the authors also highlighted that the presence of one specific ion cannot be responsible for all of the toxicity of a given solution, but rather that the new combinations of ions could change the toxicity.
While in general this study does not make DSILs as we have defined them, since here two or four two-ion ILs were added separately to water, the resulting solutions would be the same as adding one DSIL to water and eventually such studies must be undertaken. Although further studies are needed to understand the results in terms of the nature and proportion of the ions on the mechanism of toxicity, this one example suggests that toxicity of a DSIL in solution should not be assumed to be a simple combination of any two-ion ILs. It would be interesting to study the toxicity of neat DSILs to investigate whether the design of DSILs less toxic than the IL parents is possible.
The use and study of DSILs are still in their infancy, perhaps due to the even larger number of ionic combinations than the already overwhelming number of two-ion ILs, not to mention that DSILs can be prepared by mixing not only ILs, but also an IL with higher melting salts or even eutectic mixtures of two or more higher melting salts. Based on the current literature and our personal experiences, we believe many new opportunities will arise leading to even more applications for ILs. 
Conclusions and recommendations
We believe that the current literature shows 'IL-IL mixtures' should be conceptually considered as unique double salts, each defined by the nature and the abundance of each ion composing these systems. Despite the current paucity of data available for each property and the similarity of the reported systems, we have described the main trends found for the physical, thermal, and chemical properties of these 'double salt ionic liquids' (DSILs). The fact that both ideal and non-ideal behavior depends on the property studied, the nature of the ions, and the abundance of each ion, suggests that each DSIL is unique, and not a simple mixture of two-ion ILs. Thus, DSILs should not be defined by their method of preparation (mixing), but rather by their final ionic composition.
The physical properties of DSILs such as viscosity, density, excess molar volume, etc., are mainly controlled by their composition and their intrinsic interactions. In fact, as several ions are present, the Coulombic forces seem to be even more important in these systems compared to two-ion ILs, and the steric effects of the ions lead to non-ideal properties. The importance of three-dimensional organization of ions in DSILs may be an important factor. The thermal properties may also be governed by van der Waals forces and electrostatic interaction forces, however, more fundamental studies are needed to clearly understand the role of each interaction in the organization of these salts.
Three-ion DSILs are currently the most studied, and some trends can start to be distinguished. In the two cation-based systems three-dimensional organization of the ions seems important, while for the two anion-based DSILs, the coordination abilities (basicity) of the anions seem to be important drivers. We strongly recommend more systematic use of spectroscopic analysis methods to support future studies of DSILs, in order to better understand the complex interactions between the various ions; with particular emphasis on the study of ionic combinations of ions with wildly different properties, sizes, etc. Some examples of potential design of melting point or phase transition behavior have been published, however, we believe that the most promising properties of DSILs are chemical, and it should be possible to design and modify DSILs toward specific ends. For example, DSILs often exhibit improved solvent properties not readily apparent from those of the two-ion IL parents.
Seddon stated that there are nearly one million simple ILs that can be easily prepared in the laboratory, leading to 10 18 or more ILs if binary, ternary, etc. systems are considered. 11 With the concept of double salts and their unique compositions as a function of ion type and abundance, there are in reality an infinite number of possible DSIL combinations. We are thus convinced that the DSIL concept will offer new and exciting properties to develop new approaches and new applications well beyond the current limitations of two-ion ILs.
In the general field of ILs to date, the emphasis has always been on finding an application where an IL can truly do something valuable, that no other system or approach can reasonably accomplish. The same might now be true of DSILs, where the most exciting chemistry and applications should be in areas that ILs have had limited success. 
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